Dopamine (3,4-dihydroxyphenylethylamine, DA) is applied as an electroactive chelant for indirect determination of aluminum (Al) in biological fluids. It is observed that the decrease of the differential pulse voltammetric (DPV) anodic peak current of DA is linear with the increase of Al concentration. Under optimum experimental conditions (pH 8.6, 2.0 × 10 -4 M DA, and 0.03 M NH4Ac-NH3·H2O buffer solution), two linear ranges, 5.0 × 10 -8 -4.0 × 10 -7 M and 4.0 × 10 -7 -7.2 × 10 -6 M Al III , are obtained. The detection limit of Al is 1.9 × 10 -8 M and the relative standard deviation for 4 × 10 -6 M Al III is 3.1% (N = 8). Many biologically active foreign species have been selected for interference. Excellent recoveries and accuracy have been obtained in the measurements of Al in biological samples such as synthetic renal dialysate, Ringer's solution, human whole blood, cerebrospinal fluid of demented patient, and urine of diabetic patient. The methodological principle that Al complexes with DA on the electroactive position result in the depression of electrochemical activities of DA has been verified by comparing both the electrochemical behaviors and the spectroscopic responses like UV-vis and Raman of DA in the presence and in the absence of Al.
Introduction
Some neurodementia such as Parkinson's disease (PD), Alzheimer's disease (AD), and Dialysis encephalopathy (DE) are believed to relate to the abnormally high level of aluminum (Al) in the brain. [1] [2] [3] [4] But the exact mechanisms of neurotoxicity of Al are not known yet. Al has been found to hinder the rat brain synaptosomal amine-uptake system to take in DA in vitro and to complex with DA moderately. 5, 6 Moreover, Al disturbs both the cholinergic and the adrenergic systems resulting in the variations of the activity of acetylcholinesterase and the level of DA, respectively. [7] [8] [9] DA is an important striatal catecholamine neurotransmitter in the adrenergic system. Both DA shortage and drugs which consume presynatic production or reduce storage of DA can bring about PD. 10 However, the deep meanings of the interaction between Al and DA to the nerve system lack profound discussions and extensive studies. Therefore, studying the interactions between Al and DA on the molecular level will be helpful for further understanding of the detailed mechanism of Al neurotoxicity and for designing therapeutic drugs.
The concentration of free Al in human body is very low and little is known presently about the distribution of Al species in the human body. Knowledge of the biological functions of Al partly depends on the accurate measurement of Al in human body. Many spectrometric methods such as fluorometry and atomic absorption spectrometry (AAS) have been developed in recent years to assay Al in natural water and environmental samples. [11] [12] [13] [14] However, AAS and inductively coupled plasma atomic emission spectrometry (ICP-AES) are expensive and need skilled operators. Other methods often suffer some disadvantages like being time-consuming, laborsome, and waste-producing. Because Al is widely used and dispersed in the world, contamination is a serious problem in the preparation of samples. 15, 16 Al can also be lost from the dilution of solutions. 17 It is evident that detection of Al in vivo will avoid the contamination and provide correct diagnostic information. However, there are neither satisfactory direct electrochemical nor spectroscopical methods to trace Al in vivo. With respect to the sensitivity and the convenience of sampling in vivo, electroanalytical methods are more advantageous than other methods. Unfortunately, electroanalytical methods for direct determination of Al are almost useless because the reduction of Al ion is interfered seriously by H + and ions of both alkali metals and alkali earth metals. 18 The electrochemical responses of dyes or their Al complexes have been utilized for the measurement of Al. [19] [20] [21] But dyes are not suitable to be used in the human body. Recently, we have successfully applied Ldopa as a ligand for the indirect determination of Al in biological samples in vitro by DPV. [22] [23] [24] [25] Combined with the microdialysis technique, this method is expected to be avaible for detecting Al in brain in vivo. Before a real in vivo detection is practiced, an extensive optimization of ligands must be fulfilled. A promising ligand is required to be soluble in the human body harmlessly and to coordinate Al fully in a short time. It is also demanded to pass the blood-brain-barrier (BBB) to get to the detected targets in brain, whether it is swallowed or injected. DA has the same electroactive functional group as its 293 ANALYTICAL SCIENCES MARCH 2002, VOL. 18 2002 © The Japan Society for Analytical Chemistry
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Fuping ZHANG,* Shuping BI,* † Jian LIU,* Xiaodi YANG,* Xianlong WANG,* Li YANG,* Tsing YU,*Yijun CHEN,** Lemei DAI,** and Tianming YANG** , *** precursor L-dopa and can complex with Al moderately in the same way too. 10 It exists in the brain itself, so additional ligands are unnecessary. Furthermore, the redox reaction of DA on electrode is more reversible than that of L-dopa because the speed of nucleophilc attack introcyclization of the oxidation product of DA is slower than that of L-dopa. [26] [27] [28] [29] That will provide a more defined anodic peak for accurate measurement. Here, we report on the application of DA as an electroactive chelant for indirect determination of Al in biological samples with DPV. By comparing the electrochemical, UV-vis, and Raman behaviors of DA with and without Al, we have also demonstrated the methodological principle that the occupation of Al on the electroactive site of DA through the coordination will reduce the electrooxidatable DA so as to decrease the corresponding anodic current.
Experimental

Chemicals and solutions
DA (99%) was purchased from Acros Organics (Swiss). Its stock solution (0.01 M, sealed with N2) is prepared daily before experiments by dissolving an appropriate amount of solid DA in doubly-distilled water under N2 atmosphere. Al stock solution (0.02 M, bubbled and sealed with N2) is prepared by dissolving super-purity Al powder (99.99%) in 1:10 HCl solution. It has been diluted further to the proper volume when used. Buffer solutions are prepared by mixing 0.5 M NH4Cl with the same concentration NH3·H2O appropriately. A 50 ml volume of analytical solutions consisted of proper volume of buffer solution, 3.75 ml of 2 M NaCl, and appropriate volume of DA.
The pH values of the analytical solutions vary less than 0.1 after the addition of Al in all the experiments. All chemicals are of analytical-reagent grade unless stated otherwise and all the solutions are prepared with doubly-distilled water. Polyethylene vessels are used. All pieces of labware are soaked in 10% HNO3 for at least 24 h, then washed carefully with water and twice distilled water.
Preparations of sample solutions
(1) Drinking water samples are bought in the supermarket. (2) Sucralfate (an Al medicine for the treatment of peptic ulcer disease) is purchased from the pharmacy. The sample solution is prepared by sonicating one tablet sucralfate (0.25 g, Nantong Pharmaceutical Factory) in 250 ml, and then diluting 100 times further. The detected Al concentration of the sample solution is shown in Table 1 . (3) Synthetic renal dialysate is prepared by mixing 47.1 g NaCl with 0.85 g KCl, 2.9 g CaCl2, 0.89 g MgCl2, and 17.5 g glucose firstly, and then adding twice distilled water to 250 ml. (4) Synthetic cerebrospinal fluid or Ringer's solution (mM): NaCl, 140; KCl, 4.0; CaCl2, 1.2; MgCl2, 1.0; pH 7.4. (5) Cerebrospinal fluid of demented patents is offered by two different hospitals (see Table 1 ). (6) Ascitic fluid of a lung cancer patient is offered by the hospital. (7) Urinary samples (excretion in the morning) are collected from a healthy volunteer and a diabetic patient separately. (8) Human whole blood is ordered from the blood supply center of Nanjing. All the human fluid samples (5) -(8) are used without any further treatments.
Instrumentation
A three-electrode system consists of a glass carbon working electrode (4 mm in diameter), a platinum foil counter electrode, and a saturated calomel reference electrode.
All electrochemical experiments are performed with a BAS-100 electrochemical system (BAS Inc., IN, USA). The settings of differential pulse voltammetric mode are: scan rate 20 mV/s, pulse amplitude 50 mV and pulse width 60 ms. UV-spectra and Raman spectra are recorded on UV-240 (Shimadzu, Japan) and the Bruker RFS100 (Swiss) spectrophotometers respectively. 500 Hz 13 C NMR is carried out on the Bruker AM-500 (Swiss) spectrophotometer.
Procedures
The glass carbon electrode is polished on a piece of W14 abrasive paper (particle size 10 -14 µm, Shanghai) with water for cooling and cleaned with a piece of wet paper. It is sonicated in 0.1 M HCl solution and twice-distilled water for about 5 min in turn. It is washed again with twice-distilled water and cleaned with a piece of absorption paper. It is placed in the supporting electrolyte and cyclic voltammetric scanning (100 mV/s) between -0.30 and 1.00 V is performed until the current response is steady. A 50 ml portion of sample solution is put in the electrolytic cell and the anodic peak current of DA (IpDA) is recorded after applying the DPV mode. The electrode surface is refreshed by a reverse linear voltammetric scanning (100 mV/s) and stirring the solution for 5 min with a magnet stirrer. The solution is stirred for 8 min after every spiking of Al III and rested for 1 min to restore the calmness. The related current response (IpAl,add) is recorded again after the application of the DPV mode. The analytic solutions are protected by N2 atmosphere. All the experiments are carried out at ambient temperature (20˚C, air-conditioned room). The decrease of anodic peak current of DA is denoted as:
UV-spectra of the samples with the addition of Al are recorded after the spiking of Al for 8 min.
Results and Discussion
DPV response of DA with and without Al III Figure 1a shows that there is no pronounced current peak in the supporting electrolyte at pH 8.6 in the potential range studied. The anodic peak of DA appears at about + 40 mV (Fig.  1b ). After addition of Al III , there is no new current peak ascribed to the Al-DA complexes ( Fig. 1c ; nor in -500 -+1200 mV, cyclic voltammogram not shown). But the peak current of DA decreases linearly with the increase of Al III concentration. This is the quantitative rule for the measurement of Al III in the proposed method.
Optimization of experimental conditions
The value of pH is a critical factor for accurate detection of Al III because both the redox properties of DA and the formations of Al-DA complexes are strongly influenced by the changes of pH values. The effects of the values of pH on ∆Ip are given in Fig. 2(a) . It exhibits that in the presence of 1.2 × 10 -5 M Al III , ∆Ip increases with the increase of the pH value and presents a maximum near pH 8.6. Therefore, pH 8.6 is identified as the optimum pH value, which is close to that of the maximum distribution of the 1:3 Al-DA complex as depicted in Fig. 2(b) .
The concentration of DA limits both the width of the linear range and the sensitivity of the detection. Figure 3 shows that ∆Ip increases with the increase of the concentration of DA and reaches a maximum platform starting from the concentration of DA of about 2.0 × 10 -4 M. Therefore, 2.0 × 10 -4 M DA is chosen for the analysis.
The buffering capacity of the buffer solution controls the real value of pH near the electrode surface. 31 Therefore, it is necessary to ascertain an optimum concentration of the buffer solution. Figure 4 shows that ∆Ip increases with the increase of the concentration of the buffer solution from 0.01 M to 0.03 M, 295 ANALYTICAL SCIENCES MARCH 2002, VOL. 18 and decreases with the further increase of the concentration. Therefore, 0.03 M buffer solution is used in the following studies.
Calibration graph, precision and detection limit
Under optimum experimental conditions, the linear relationship between the decrease of ∆Ip and the concentrations of Al III is established (Figs. 5(a) and 5(b)). In the range 5.0 × 10 -8 -4.0 × 10 -7 M Al III , the linear regression equation is ∆Ip (µA) = 8.817 × 10 -2 + 4.048 × 10 6 CAl (M), R = 0.9726; in the range 4.0 × 10 -7 -7.2 × 10 -6 M Al III , the linear regression equation is ∆Ip (µA) = 1.978 + 3.483 × 10 5 CAl (M), R = 0.9875. The relative standard deviation for 4 × 10 -6 M Al III is 3.1% (N = 8). The detection limit (3σ , three times of the standard deviation of the DA in the absence of Al III ) is 1.9 × 10 -8 M Al III . In addition, the linearity in the high range is wider than that of the low range.
Application to real samples
Many human fluid-related species have been chosen purposefully for interference study. At 4 × 10 -6 M Al III , 100fold of citrate, uric acid, glucose, and DL-lactic acid, 200-fold of arginine, aspartic acid, leucine, and tyrosine, 500-fold of HCO3 -, PO4 3-, and triethanolamine, 1000-fold of F -, urea, glutmate, and tartrate, and 2000-fold of C2O4 2excesses do not interfere. Five-fold of HSCH2COOH, 10-fold of EDTA, 20-fold of SCNand cysteine, and 50-fold of vitamin E, vitamin B6, ascorbic acid, succinic acid, and sulfosalicylic acid excesses interfere. As for interference of cations, 200-fold of Ca II , 500-fold of Mg II , and 1000-fold of Li I excesses do not interfere. But one fold of Fe II , Fe III , Mn II , Co II , and Cu II , 20-fold of Pb II and Ni II , and 50-fold of La III and Zn II excesses interfere. A large amount of Na I , K I , Cl -, NO3 -, SO4 2-, SiO4 4does not interfere. However, the concentrations of most cations in the brain are much lower than that of Al. For example, cations such as Fe and Cu are mainly complexed by enzymes or proteins. The concentration of free Fe in the human body is about seven orders lower than that of Al. 32 They will not interfere actually. The proposed method has been applied to the determination of Al in biological samples and the results obtained by using the standard additions method are listed in Table 1 . The results for drinking water samples, sucralfate, and urine agree well both with those obtained by ICP-AES and those in our previous works. 23, 25 The result of synthetic renal dialysate is in harmony with those of both our previous works [22] [23] [24] [25] and with others obtained by both atomic absorption spectrophotometry (0.04 -1.15 ± 0.58 × 10 -6 M) 33 and adsorptive stripping voltammetry of Al-DASA (0.19 and 1.69 × 10 -6 M). 34 The Al in cerebrospinal fluid is also in accordance with that detected with DPP (3.8 ± 0.5 × 10 -6 M). 35 What is worthy of mention is that the concentration of Al in urine of the diabetic patient is slightly higher than in that of a healthy volunteer. The high level recoveries and precision achieved state that the method is qualified for determining Al in biological samples. As for the application in the brain in vivo, the microdialysis technique 36, 37 is appropriate for the calibration because some large molecules cannot cross the microdialysis membrane to interfere the determination. The concentration of DA in the brain often varies from region to region and time to time, which seems to result in a different background in sampling. However, this obstacle can be overcome by adopting the standard additions method. The methods for the elimination of interference of ascorbic acid have been reported widely. [38] [39] [40] Therefore, this method will be prospectively applied in vivo detection.
Exploration of the principle of the method
Electrooxidation of DA is a diffusion-controlled two-electron process. 28, 41, 42 The electroactive functional group of DA is the catechol (O, O) ends. In the presence of Al, if DA complexes with Al on these sites, the electrooxidable concentration of DA will be reduced. In other words, the corresponding DPV anodic current of DA will decrease because of the obstacle of Al. This
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ANALYTICAL SCIENCES MARCH 2002, VOL. 18 is the qualitative principle of the proposed method. In the following section, the complexing way between Al and DA is studied for further understanding of this principle.
Electrochemical evidence
In this section, electrochemical behaviors such as controlling step of electrode reaction, charge transfer coefficient (β), and the relationship of Ep-pH of DA in the presence and absence of Al are compared. Figure 6 shows the relations of the anodic peak currents of DA between the square roots of the cyclic voltammetric scanning (CVS) rates both with and without Al. Those linear natures in both cases indicate a diffusioncontrolled kinetic electrode process. Namely, the controlling step of the oxidation process on the electrode does not change after addition of Al.
The values of β of the electrooxidation of DA with and without Al derived from the [(Ep)2-(Ep)1] -ln(ν2/ν1) 1/2 plots according to the Eq. (1) 43 are listed in Table 2 .
They are in good agreement with those obtained on both gold and platinum electrodes deduced from another theoretic pattern. 44 The same values of β in cases both with and without Al confirm that there is no alteration of the kinds of electrooxidized species on the electrode in the presence of Al, because the variation of β reflects the change of the type of reaction rather than the concentration of the electroactive species. Figure 7 shows the effect of pH on DPV anodic Ep of DA with and without Al III . The corresponding linear regression equations are Ep/V = 0.5901 -0.0672pH (R = 0.9990) and Ep/V = 0.6796 -0.0772pH (R = 0.9960, 1.2 × 10 -5 M Al III ). The slope of the former is in good agreement with that of the report. 45 Furthermore, similar slopes between the former and the latter demonstrate that the numbers of hydrogens and electrons that participated in the potential-determining step in both cases are the same. This supports again the idea that the species oxidized on the electrode in both situations are DA.
Raman spectrometric study Figure 8 shows the Raman spectra of DA with and without Al at pH 8.6. The Stokes lines of solid DA at 1287.9 and 1473.6 cm -1 are assigned to C-O stretch and V19b movements of the catecholate group respectively. 46 The line at 1451.0 and lines at 1601.2 and 1618.3 cm -1 are due to the vibrations of C-N and C-C of benzenoid ring respectively. 47 In the liquid solution, in the presence of Al, the intensities of both the C-O (1469 cm -1 ) and C-N (1446 cm -1 ) Stokes lines increase very much and the corresponding frequencies shift to more negative direction. These variations are the indications of the formation of Al-DA complexes on catecholate group. Figure 9 shows the UV-vis spectra of DA with and without Al at pH 8.6. The absorption bands appearing at about 206 and 278 nm correspond to the ethylenic bands and benzenoid bands of DA respectively. 47 The intensities of these two bands prefer to increase with the increase of Al. The wavelength of the former band shifts to more negative direction in the presence of Al. These variations arise from the reduction of the electron density of P-π conjugated O-benzene ring system. Therefore, it is reasonable to conclude that Al links with DA by the electractive catecholate donor groups.
UV-vis spectrometric study
In the presence of Al, a shoulder-absorption band appears at about 300 nm in UV-vis spectra (Fig. 9a III -VI) and its intensity increases with the increase of Al. To ascertain whether it is ascribed to the absorption of Al-DA complexes or oxidation product of DA or not, the variation of the spectrum with time of the sample without Al in the air is recorded (Fig.  9b) . A well-defined absorption appears at about 300 nm after 16 h. Therefore, this band is resulted from the product of the oxidation of DA rather than Al-DA complexes and can be assigned to the absorption of dopaminechrome. By comparing the intensity of the band at 300 nm of Fig. 9a II with that of Fig.  9a VI, one can draw the conclusion that Al catalyzes the oxidation of DA resulting from oxygen. This is similar to the case when Mn III is used to oxidate DA. 47 This conclusion is supported further by the observation of low recoveries of DA and L-dopa in their fractions and purification when alumina is used. 48 Free radicals have been reported to occur in the process of the oxidation of DA. 49, 50 Oxidative stress produced by free radicals are believed to play important roles in dopaminergic neurodegeneration and neuron death in the pathologies of AD, Table 2 Charge transfer coefficient of electrochemical oxidation of DA with and without Al Mean value of three times of detection, 2.0 × 10 -4 M DA, pH 8.6. SD: standard deviation. PD, and Down's syndrome. [49] [50] [51] [52] [53] [54] [55] Therefore, this catalytic action of Al strengthens its neurotoxicity.
Conclusions
A novel method for indirect determination of Al with DA as an electroactive ligand by DPV is developed and successfully applied in biological fluids in vitro. Because DA can be secreted by the human body, compared to the method of the absorptive complex wave using dyes as ligands and Hg as working electrode, this method is not influenced by surfaceactive biological agents and the ligand is more safe for sequestering Al from brain tissues in vivo. Compared with the case for L-dopa as the ligand, the sensitivity is improved and the anodic peak is more defined. The identical slopes of Ep-pH plots, invariant values of β, and similar Ip -ν 1/2 characters in the analytic systems with and without Al prove that the species oxidized on the electrode in both cases are DA. The complexation of DA with Al through the electroactive catechol (O, O) groups is proved by the Raman and UV-vis spectrometric studies. Therefore, the observation of the linear decrease of anodic peak current of DA with the increase of Al is owing to the shortage of the electrooxidatable DA which results from the occupation of Al on the electroactive site. This is the principle of the method and is expected to apply to the similar cases.
The oxidation of DA catalyzed by Al in the spectrometric results reinforces the neurotoxicity of Al. However, the rate of complexation reaction is 100 times more than that of the catalytic oxidation reaction. 56 Therefore, the proposed method is applicable.
